Abstract. Angiogenesis is the formation of new blood vessels from the existing vessels. During tumor angiogenesis, tumor cells secret a number of chemical substrates called tumor angiogenic factors (TAFs). These factors diffuse through the extracellular matrix (ECM) and degrade the basement membrane of nearby vasculature. The TAFs also disrupt the corresponding endothelial cell receptors and form finger like capillary sprouts. These factors also create a chemical gradient (chemotaxis) between the tumor and the surrounding blood vessels. Due to the chemotactic force, the capillary sprouts migrate toward the tumor. On the other hand, a haptotactic force due to fibronectin, secreted by the endothelial cell is also acts on these sprouts. These sprouts grow through the proliferation of recruited endothelial cells from the parent vessels.
Introduction
Angiogenesis refers to the formation of new blood vessels from the existing blood vessels. It is a fundamental process that can be seen in some of the physiological processes like reproduction, embryonic development, wound healing, and some of the pathological processes like, vascularization of ischemic tissues, rheumatoid arthritis, diabetic retinopathy, chronic inflammation, and tumor growth and metastasis etc. Tumor angiogenesis is a complex pathological condition. In the physiological processes pro-and anti-angiogenic factors control the growth of newly developed capillary sprouts. In contrast, the balance between these factors are lost in tumor angiogenesis and the pro-factors become more powerful than the anti-factors (angiogenic switch).
At the primary phase, tumor cells consume its necessary nutrients and oxygen from the surrounding microenvironment through passive diffusion [1] [2] . As the tumor grows, its metabolic consumption also increases proportionally with its volume. But the tumor cells which lie on the surface area, consume most of the nutrients and oxygen [3] . As a result, the cells near to the centre of the tumor become hypoxic due to unavailability of nutrients and oxygen. The growth of an avascular tumor is become almost stagnant (1-2 mm in diameter) after a certain time due to deprivation of oxygen and nutrients. At this phase, tumor cells secret a number of pro-angiogenic factors like vascular endothelial growth factors (VEGF), acidic-or basic-fibroblast growth factors (a-, b-FGF), placental growth factor (PLGF), angiopoietin-1, 2 and 4 (ANG-1, 2 and 4), and etc. [4] to attract surrounding blood vessels. These TAFs diffuse through the surrounding ECM. On the other hand, VEGF upregulates MMPs expression in endothelial cells which remodel the ECM [5] .
Diffused TAFs damage the basement membrane first and then induces the endothelial cells of the nearby blood vessels. Finger like protrusions (sprouts) are formed from the parent vessels by recruiting endothelial cells. Endothelial cells of the capillary sprouts also synthesize and secret fibronectin which upregulates adhesiveness between the sprouts and the ECM [6] (haptotaxis). The sprouts move toward the tumor due to chemotactic and haptotactic force. Initially, newly created sprouts are parallel to each other but after moving some distance towards the tumor they create loops by fusing two or more sprout tips together (anastomoses) [7] . Further, new capillary sprouts can be generated from the matured sprout tips, are called branching. Once vascularization is completed, tumor enters into the vascular stage.
Most of the processes involved in the tumor angiogenesis are not well understood. So, scientists have produced different continuum, discrete, and hybrid models of angiogenesis from different perspectives. Anderson and Chaplain [8] have developed a continuum as well as stochastic CA based discrete model for tumor induced angiogenesis. In this model, the movements of the new capillary sprouts are controlled by the sprout tip cells. At every time instance of the simulation the tip cells are either idle or move one of the four neighboring positions (Moore's neighborhood). As the sprouts approaches to the tumor, the probability of branching is increases. They have considered the effect of chemotaxis as well as haptotaxis in their model. Topa [9] have developed a spatio-temporal graph based CA model to mimic tumor angiogenesis. He described interplay among the processes involved in intra-cellular as well as inter-cellular level. In another study [10] , he had extended the previous model and described the interplay among the different processes involved in three different scales, intra-cellular, inter-cellular, and tissue scales. He also included blood flow within these newly created sprouts. Olsen and Siegelmann [11] , have developed an agent-based model for angiogenesis. The model consists of three layers: molecular, cellular, and tissue.
In this study, we have developed a CA model for tumor angiogenesis. The model focuses on different factors which are involved in tumor angiogenesis, like, TAFs, fibronectin, ECM, MMPs, and endothelial cells of existing blood vessels. We develop a couple of CA rules for these factors to describe the chemotactic and haptotactic responses of the capillary sprouts within the domain of study. These rules update the 2-D grid of tissue simultaneously. Due to chemotactic and haptotactic forces, the capillary sprouts move towards the tumor using endothelial cell proliferation. The movement of these sprouts are controlled by the tip cells. The model includes capillary sprout branching and anastomoses. Outcome of the model justifies the practical scenario of tumor angiogenesis and provides an opportunity to analyze the computed model for different qualitative and quantitative measurements like, loop formations, number of sprouts generation, and rates of branching and vessel's network architecture.
This paper is organized as follows: section 2 describes the model formulation for tumor angiogenesis based on cellular automata; parameters estimation, simulation of the model, and results are presented in section 3, section 4 concludes the paper.
Model Formulations
In this paper, we develop a CA model for tumor angiogenesis based on a couple of assumptions. In this simulation, it is considered that the tumor is a static entity (by ignoring the changes in tumor cell dynamics) as its growth is stagnant. Once, the tumor cells secret TAFs, it diffuses to the surrounding microenvironment through the ECM and remodels the basement membrane of the nearby blood vessels. After being stimulated by the TAFs, endothelial cell lining of the blood vessels forms finger like protrusions/sprouts which grow by recruiting the endothelial cells of the parent vessels and move towards the tumor due to the higher concentration of TAFs. Endothelial cells secret fibronectin, which does not diffuse in the surrounding environment but creates adhesion between capillary sprouts and the ECM. On the other hand, capillary sprouts secrete MMPs (upregulated by the TAFs) that remodel ECM which helps endothelial cell sprouts to make their way through it.
In this model, the tissue is represented by 2-D grid of cells. The domain size of CA is [0, 1] × [0, 1]. In this simulation the spatial domain of CA is discretized as x = ih, y = jh (space step h), and the temporal domain t = n ; where i, j, h, n, and are positive parameters. We consider the length of the spatial domain is 2 mm. and the step size h = 0.005. Hence, a unit of step size represents 10 µm of dimensional length which is equivalent to the diameter of one or two endothelial cells [8] . As the tumor can grow at most 2 mm in diameter without the direct support of blood vessels, hence, in this simulation, we consider the radius of the tumor as 1 mm and the center of the tumor is located at (1, 0.5).
For this simulation, Moore's as well as von Neumann's neighborhood concepts are used. M (W(i, j) ) refers to the Moore's neighborhood elements of (i, j) -1), and W(i, j-1 ). Whereas N(W(i, j) ) refers to the von Neumann neighborhood of (i, j) th position ( Fig. 1(b 
j), and W(i, j-1).
In this model, we use several TAFs concentrations like VEGF (V), FGF (F), PDGF (P), and ANG (A); endothelial cells (e), fibronectin (f), MMPs (m), and ECM (E). The level of concentrations of all the substrates mentioned above are nondimensionalized and scaled between 0 and 1. From the above considerations, following CA rules (1 -7) are produced.
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In these Equations (1 -7), α1, α2, α3, α4, α5, α6, α7, α8, ω1, ω2, 1, 2, 3, and are the positive parameters. In Equation (6), is a Boolean function that returns 1 if (i, j) represent a sprout tip at time instance n, otherwise it returns 0 value.
( ( , )) produces the average value of Moore's neighborhood of VEGF concentration. We assume, sprout tips (s) control the movement of these newly created capillaries. The direction of moving sprout tip at the time instance n is directly dependent on the TAFs, and fibronectin. Endothelial cell sprouts always move due to chemotaxis as well as haptotaxis. In this simulation randomness is also considered as a component for the tip cells' movement. From the above assumptions, we develop the following Equations (8) and (9) .
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w1, w2, and w3 in Equation (9) are the positive parameters between 0 and 1 and w1 + w2 + w3 = 1. μ1, μ2, μ3, and μ4 are the weights given to the different TAFs and μ1 + μ2 + μ3 + μ4 = 1. , is the randomly generated values between 0 and 1 at the time instance n for the point (i, j), and di,j is the reciprocal of the distance between the tumor center (1, 0.5) and point (i, j). If the Equation (8) 
In Equation (9), is a Boolean function; and it returns 1 if there is at least one von Neumann neighbor of (i, j) that belongs to a capillary sprout. β is a non-negative randomness haptotaxis chemotaxis parameter and ( ( , )) produces the average value of von Neumann's neighborhood of endothelial cell concentration.
The rule of anastomosis and branching is not clearly known. So, for this simulation, we consider that, anastomosis occur only if two sprout tips are situated at the adjacent positions (von Neumann neighbor) of the grid and Pa is chances of anastomosis. On the other hand, branching occurs only from sprout tip cell. We further consider that only matured sprouts can qualify for branching and it happens successfully if and only if sufficient space is available. Therefore, from these assumptions we use the following conditions for vessel branching,
i)
The age of the sprout tip should be greater than the threshold ageth. ii) There should be sufficient space available for the branching.
iii) The probability for branching of a sprout tip is Pb. Capillary sprout branching can happen if and only if these three conditions are true simultaneously.
Results and Discussions
We initialize each and every component with proper values. For example, ( , , 0) = 1 The model is studied with different values of w1, w2, and w3 to observe the effects of chemotaxis, haptotaxis, and random motility on the sprout tip-cell movements. In the first case, it is considered that all the three forces are acting on capillary sprouts simultaneously and we assume w1 = 0.35, w2 = 0.35, and w3 = 0.30. The results obtained through simulation are shown in Fig. 2 (a) -(d) with an interval of 125 iterations. It is found that sprouts are originating from the parent vessels situated at the left most position (at y = 0) along the y-axis and the tumor is located at (1, 0.5). Sprouts are generated from arbitrary points on the existing blood vessels and follow higher TAF concentration gradient (chemotaxis). Initially, sprouts are parallel to each other and very less branching and anastomoses has been observed ( Fig. 2(a) ). But as the time goes on, tendency of branching and anastomoses grow rapidly to build a vessels network (Fig. 2 (b) -(d) ). Distribution of ECM after 500 iterations has been shown in Fig. 3 . It is found that as the sprouts move through the ECM toward the tumor, density of the ECM in the trajectory of capillary sprouts are less than the other parts due to the secretion of MMPs which remodel the ECM. In another simulation, we assume, w1 = 0.50, w2 = 0, and w3 = 0.50 and no significant variations are found. So, we can concluded that the effectiveness of haptotactic force is less than the chemotactic force. We also simulate the model with w1 = 0.50, w2 = 0.50, and w3 = 0 and it is found that the capillary sprouts follow a zigzag trajectory with no randomness (Fig. 4) . Sprouts only move towards the higher TAF concentrations. Whenever it found shortage in TAF concentrations, it searches for some position with sufficiently higher TAF concentrations.
Using the interactions in 2-D tissue space, we study the effects of various biological factors like, VEGF, FGF, PDGF, ANG, MMPs, fibronectin, and ECM on the capillary sprouts formation. In each run of simulation, the number of sprout formation and locations are varied randomly. This model also captures capillary sprout branching and anastomoses. The model is tested with different weightage given to chemotaxis, haptotaxis, and randomness. It is found that effectiveness of haptotaxis on the capillary sprouts is less than the chemotaxis in this model, but without randomness capillary sprouts always follow a zig-zag trajectory through the ECM.
Overall, the model justify the practical scenario though it needs to be examined further with more factors and more details by including dynamic nature of the tumor cells, dynamics of oxygen and nutrient concentrations, capillary vessels pruning, and blood flow through the newly formed vessels.
